Schiff bases together with various metals have been extensively used as building blocks to produce a great variety of topologies. Among them, hydrazones attracted a special attention of researchers due to their well known chelating capability and structural flexibility that can provide rigidity to the skeletal framework of the prepared metal complexes.
P. Krishnamoorthy, 2011 coordination chemistry of these hydrazones has been provided by remarkable biological activities exhibited by them that have been related to their metal complexing ability.
Large number of ferrocene-containing metal chelates are in fact multi-nuclear molecules possessing the features of both organometallic and coordination chemistry. 7, 8 Aroyl hydrazones attached to a ferrocenyl molecule have been studied in detail owing to their plentiful coordination chemistry and antibiotic activity as well as the fact that azomethine ligands are models for metal-ligand binding sites in several enzymes. [9] [10] [11] [12] [13] [14] [15] Complexes of aroyl hydrazones containing both heterocycles and the ferrocenyl group within the same molecule have been scarcely investigated so far and therefore we felt that it is appropriate to undertake a systematic study involving such a novel system and to understand their behaviour towards a series of biological experiments.
Further, most of the first row transition metals either alone or in their complex form are biologically essential with a number of known bioactivities. Among them, copper and nickel are especially notable as they involve in many biological processes. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] The interactions between biomacromolecules and drugs have attracted special interest among both chemistry and biology researchers during the past few decades. [26] [27] [28] Since DNA is one of the main molecular targets in the design of anticancer compounds, interaction between nucleic acids and other molecules is a fundamental issue in life science that relates the replication, transcription, mutation of genes and related variations of species in character, origin of some diseases and mechanism of interaction of some DNA-targeted drugs. [29] [30] [31] [32] Another biomolecule, serum albumin (BSA) is a major soluble protein constituent of circulatory system and has many physiological functions, e.g. it serves as a depot protein for many exogenous compounds. 33, 34 Significant interaction of any drug with a protein may result in the formation of a stable protein-drug complex, which has important effect on the distribution, metabolism and the efficacy of drugs, etc.
Copper and nickel being bioessential elements, it is considered that their complexes can find more applications in various biological processes.
Based on the above facts, we undertook this study to prepare some new hydrazone complexes of copper and nickel from the reactions of [MCl 2 (PPh 3 ) 2 ] with HL n (where M = Cu(II) or Ni(II); n = 1 or 2) in 1:1 metal to ligand stoichiometry. Further, a systematic investigation on the effects of the free ligands and the corresponding newly synthesised P. Krishnamoorthy, 2011 copper/nickel hydrazone complexes with respect to DNA binding, DNA cleavage, protein interaction, in vitro free radical scavenging and cytotoxic activities have also been carried out.
Experimental section Materials
Reagent grade chemicals were used without further purification in all the synthetic work. Solvents were purified by standard methods. The compounds CuCl 2 ·2H 2 O, NiCl 2 ·6H 2 O, triphenylphosphine, benzhydrazide and isonicotinic acid hydrazide purchased from Sigma-Aldrich Chemie or Alfa Aesar were used as received.
Calf thymus DNA (CT DNA) and bovine serum albumin (BSA) were purchased from Himedia Company. The plasmid supercoiled (SC) pUC19 DNA was purchased from Bangalore GeNei, Bangalore, India. The human cervical cancer cell line (HeLa), human skin cancer cell line (A431) and NIH 3T3 mouse embryonic fibroblasts was obtained from National Centre for Cell Science (NCCS), Pune, India. All other chemicals and reagents used for the biological studies were of high quality and procured commercially from the reputed suppliers.
Physical measurements

Microanalyses (% C, H & N) were performed on a Vario EL III CHNS analyzer.
IR spectra of the samples were recorded as KBr pellets on a Nicolet Avatar instrument in the frequency range of 400-4000 cm -1 . 1 H NMR spectra of ligands and metal complexes were recorded on a Bruker AMX 500 spectrometer operating at 500 MHz using CDCl 3 as solvent and tetramethylsilane as an internal standard. The electronspray ionization mass (ESI-MS) spectra of the complexes and ligands in methanol were recorded on a THERMO Finnigan LCQ Advantage max ion trap mass spectrometer. The electronic absorption and emission spectra were recorded in DMSO-buffer solution on a Jasco V-630 spectrophotometer and Jasco FP 6600 spectrofluorometer respectively at room temperature. The circular dichroism experiments were carried out using Jasco J-810 spectropolarimeter at room temperature.
P. Krishnamoorthy, 2011 X-ray diffraction data of the complexes 3 and 3a were obtained using Rigaku
AFC-12 Saturn 724+ CCD diffractometer equipped with a graphite-monochromated Mo
Kα radiation source (λ = 0.7107 Å) whereas complex 5 was collected on a A BRUKER GADDS X-ray (three-circle) diffractometer equipped with Cu K radiation source (λ = 1.5418 Å). For each compound, a crystal of suitable quality was removed from the vial, covered with mineral oil and mounted on a nylon thread loop. Corrections were applied for Lorentz and polarization effects for each of the compound. Each structure was solved by direct methods and refined by full-matrix least-squares cycles on F 2 using the Siemens SHELXTL PLUS 5.0 (PC) software package 35, 36 and PLATON. 37 All non-hydrogen atoms were refined anisotropically and hydrogen atoms were placed in fixed, calculated positions using a riding model.
Synthesis of starting precursor complexes
The This when kept in contact with mother liquor for 24 hours to yield blue crystals, which were filtered, washed with glacial acetic acid and then dried in a vaccum desiccator. The P. Krishnamoorthy, 2011 complex was further washed with petroleum ether (60-80 o C) to remove traces of free triphenylphosphine.
Yield: 76%. Colour: Green; mp: 257 °C.
Synthesis of hydrazone ligands
The reactions involved in the synthesis of hydrazone ligands and their corresponding copper and nickel complexes are given in scheme 6.1.
Synthesis of formyl ferrocene-2-benzoyl hydrazone ligand HL 1 (1)
Ligand 1 was prepared by refluxing equimolar solution of ferrocene-2-carbaldehyde (0.214 g; 1 mM) and benzhydrazide (0.136 g; 1 mM) in 50 mL of ethanol for 8 h as summarised in scheme 6.1. The reaction mixture was cooled to room temperature and the product formed was filtered, washed several times with water, and then recrystallized from ethanol to afford the desired product in pure form. 
DNA binding studies
Electronic absorption experiments
Electronic absorption titrations were performed with a fixed concentration of to 350 nm. It is known that the changes in ellipticity are directly related to the P. Krishnamoorthy, 2011 conformational changes observed in the circular dichroism. The changes in CD signals of DNA observed on intercalation with drugs may often be assigned to the corresponding changes in the DNA structure. 41 Thus, simple groove binding and electrostatic interaction of small molecules show less or no perturbation on the base-stacking and helicity bands, while intercalation enhances the intensities of both the bands stabilizing the right-handed B conformation of DNA as observed for the classical intercalator methylene blue.
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DNA cleavage experiments
The extent of DNA cleavage induced by the test compounds was monitored by agarose gel electrophoresis. A solution containing 25 µL of pUC19 DNA (1 µg), HCl (50 mM, pH 7.5), NaCl (50 mM), the metal complex (35 μM) and H 2 O 2 (60 μM) was incubated at 37 °C for 1h. Subsequently, 4 µL of 6X DNA loading buffer containing 0.25% bromophenol blue, 0.25% xylene cyanol and 60% glycerol was added to the test solution and then mixed with 1% agarose gel containing 1.0 μg/mL of ethidium bromide.
Electrophoresis was performed at 5 V/cm for 2 h in a TBE buffer and the bands were visualized under UV light and photographed. The cleavage efficiencies were measured using the BIORAD Gel Documentation System. The intensity of each band relative to that of the plasmid supercoiled form was multiplied by 1.43 to take account of the reduced affinity for ethidium bromide.
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Protein binding studies
Binding of nickel hydrazone complexes 4-6 with bovine serum albumin (BSA) was studied using fluorescence spectra recorded with an excitation at 280 nm and corresponding emission at 345 nm assignable to that of free bovine serum albumin (BSA). The excitation and emission slit widths and scan rates were constantly maintained for all the experiments. Samples were carefully degassed using pure nitrogen gas for 15 minutes by using quartz cells (4×1×1 cm) with high vacuum Teflon stopcocks. Stock solution of BSA was prepared in 50 mM phosphate buffer (pH, 7.2) and stored in dark at 4 °C for further use. Concentrated stock solutions of metal complexes were prepared by dissolving them in DMSO:phosphate buffer (5:95) and diluted suitably with phosphate buffer to get required concentrations. 2.5 mL of BSA solution (1 μM) was titrated by P. Krishnamoorthy, 2011 successive additions of a 5 μL stock solution of complexes (10 -4 M) using a micropipette.
Synchronous fluorescence spectra was also recorded using the same concentration of BSA and complexes as mentioned above with two different λ (difference between the excitation and emission wavelengths of BSA) values such as 15 and 60 nm.
Antioxidant studies
The DPPH, OH and NO radical scavenging activities of the free hydrazone ligands and corresponding metal complexes were determined by the methods described by Blois, Nash and Green et al, respectively.
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DPPH radical scavenging activity
The DPPH (2-2'-diphenyl-1-picrylhydrazyl) radical scavenging activity of the compounds was measured according to the method of Blios. The DPPH radical is a stable free radical having λ max at 517 nm. A variable concentration of the test compounds was added to a solution of DPPH in methanol (125 μM, 2 mL) and the final volume was made up to 4 mL with double distilled water. The solution was incubated at 37 °C for 30 min in dark. The decrease in absorbance of DPPH was measured at 517 nm. The same experiment carried out without the test compounds serve as a control.
Hydroxyl radical scavenging activity
The hydroxyl (OH) radical scavenging activity of compounds 1-3 have been investigated using the Nash method. In vitro hydroxyl radicals were generated by 
Cytotoxicity
The in vitro cytotoxicity assay (IC 50 ) was performed on the human cervical cancer cell line (HeLa), human skin cancer cell line (A431) and the mouse embryonic cell line (NIH 3T3). The HeLa tumor cell lines used in this work were grown in Eagles Minimum
Essential Medium containing 10% fetal bovine serum (FBS) and the NIH 3T3 fibroblasts were grown in Dulbeccos Modified Eagles Medium (DMEM) containing 10% FBS. For P. Krishnamoorthy, 2011 the screening experiments, the cells were seeded into 96 well plates in 100 mL of the respective medium containing 10% FBS, at a plating density of 10,000 cells/well. The cells were incubated at 37 °C in 5% CO 2 and 95% air at a relative humidity of 100% for 24 h prior to the addition of the complexes. The complexes were solubilized in dimethylsulfoxide and diluted in the respective serum free medium. After 24 h, 100 mL of the medium containing the test compounds with various concentrations (e.g. 12.5, 25, 50, 100, 200 and 400 μM) was added and incubated at 37 °C in an atmosphere of 5% CO 2 and 95% air with 100% relative humidity for 48 h. All measurements were made in triplicate and the medium containing no test complexes served as the control. After 48 h, 15 mL of MTT (5 mg/mL) in phosphate buffered saline (PBS) was added to each well and incubated at 37 °C for 4 h. The medium with MTT was then flicked off and the formazan crystals that had formed were solubilized in 100 mL of DMSO and the absorbance at 570 nm was measured using a micro plate reader. The % cell inhibition was determined using the following formula, % cell Inhibition = 100 -Abs (sample) /Abs (control) × 100
The IC 50 values were calculated from the graph plotted between % cell inhibition and concentration.
Non-linear optical activity
The second harmonic generation (SHG) behaviour of the metal hydrazone chelates 3-6 was tested by the Kurtz powder technique. The SHG behavior of the grown crystals were tested using a high-intensity Nd:YAG laser (Quanta-Ray, Spectra physics) source which produces nanosecond pulses (8 ns) of λ =1064 nm light and the energy of the laser pulse was around 300 mJ. NLO standard and sample for which NLO efficiency to be measured is grind well using mortar and pestle. The powder sample is packed in a triangular cell and is kept in a cell holder. The source with the frequency repetition of 10
Hz was passed through the powdered sample. The beam emerging through the sample was focused on to a Czerny-Turner monochromator using a pair of lenses. The SHG behaviour is confirmed from the output of the laser beam having the bright green emission (λ = 532 nm) from the specimen. The detection was carried out using a Hamamatsu R-928 Photomultiplier tube. The signals were captured with an Agilent P. Krishnamoorthy, 2011 infiniium digital storage oscilloscope interfaced to a computer. After the 4 average, the signal light is measured (peak to peak volts). Similarly the signal height for standard (Potassium dihydrogen phosphate (KDP)) is also measured. 
Results and discussion
Infrared spectra
The IR spectra of the metal hydrazone complexes were compared with that of the respective free hydrazone ligands in the region 400-4000 cm 
X-ray crystallography
Analytical data, IR, electronic and 1 H NMR spectroscopic studies revealed that both copper and nickel hydrazone chelates are structurally different. Hence, the exact structure of both type of complexes have been studied using single crystal X-ray diffraction method. [
P. Krishnamoorthy, 2011 
Structural description
Comparison of the structural data of complex 3 with that of 5 pointed out that the structure of former complex was quite different from that of the later. 
Crystallographic study of [Cu(L 1 )(PPh 3 ) 2 ] (3)
An ORTEP diagram of complex 3 is displayed in Fig. 6.3 . The crystallographic data, along with a selection of bond lengths and bond angles, are presented in Tables 6.1 P. Krishnamoorthy, 2011 geometry of Ni(II) ion is a distorted square planar. In addition, a chloroform unit as solvent molecule is also found in the structure of the complex. The unit cell packing of the complex 5 is shown in Fig 6. 7. P. Krishnamoorthy, 2011 in absorption at higher energy band with increasing concentrations of DNA using equation, that the complex 6 bound more strongly with CT DNA than the rest of the compounds.
Once the test compound intercalate to the base pairs of DNA, the π* orbital of the intercalators may couple with π orbital of the base pairs, thus decreasing the π→π* transition probabilities and hence a hypochromism is observed in the above cases. 53 These results are similar to those reported earlier for various classical intercalators. 54, 55 From the DNA binding experiment, it was clear that among the ligands HL 1 and HL 2 , the latter with heterocyclic moiety containing pyridine ring in their molecular structure showed higher binding affinity with DNA when compared to the former with the phenyl ring in their acid hydrazide part. In general, the binding affinities of metal chelates towards DNA are better than that of the ligands due to chelate effect. The overall order of binding affinity increased in the order 1< 2< 3 < 4 < 5 < 6. This observed trend suggested that the complexes 5 and 6 with more planar square planar geometry exhibited strong DNA binding than the corresponding copper complexes 3 and 4 possessing less planar tetrahedral arrangement. Also, it was found that complex 6 containing the hetero nitrogen atom (pyridine ring) in its hydrazide moiety has strong interaction towards DNA than that of the other (complex 5) that didn't have a similar nitrogen atom in its hydrazide part. Similar observations have also been noted between the copper complexes 3 and 4 and the overall order of binding affinity of the complexes is found as 6 > 5 > 4 > 3. These results did indicate that in addition to the planarity, the number of ferrocene units and the presence of hetero nitrogen atom in the structure of the complexes have also influenced their affinity towards DNA binding.
P. Krishnamoorthy, 2011
Circular dichroism measurements
The results of electronic spectral studies of compounds 1-6 tentatively revealed an intercalative mode of binding of them with DNA. However, circular dichroism is a strong tool to identify the exact nature of binding between DNA and small molecules in order to probe the asymmetry of the system. The chirality of DNA double helix originates from DNA geometry, resulting from the coupling of bases, phosphate backbone and chiral sugar units will be identified from CD spectral measurement. 56 Although CD spectral P. Krishnamoorthy, 2011 form (Form II OC), it is obvious that the complex 6 that possessed a hetero nitrogen containing pyridine moiety in its hydrazide part with square planar geometry has more ability to cleave the supercoiled plasmid DNA when compared to that of the other complexes. These observations suggested that the cleavage of the supercoiled form to open circular form increased in the order 3 < 4 < 5 < 6. It is believed that the superior cleavage ability of the complex 6 is due to the reaction of metal ions with H 2 O 2 , which produces diffusible hydroxyl radicals or molecular oxygen at ease, which in turn damage DNA through Fenton-type chemistry. obtained from the Scatchard plots ( Fig. 6.13 ) according to the above mentioned equation P. Krishnamoorthy, 2011 Characteristics of synchronous fluorescence spectra
To investigate the structural changes occurred to BSA upon the addition of copper and nickel hydrazone complexes, we measured synchronous fluorescence spectra of BSA respectively before and after the addition of metal hydrazone complexes to get valuable information on the molecular microenvironment, particularly in the vicinity of the fluorophore functional groups. 62 It is a well known fact that the fluorescence of BSA is normally due to the presence of tyrosine, tryptophan and phenylalanine residues and hence spectroscopic methods are usually applied to study the conformation changes of P. Krishnamoorthy, 2011 fluorescence spectral band corresponding to tyrosine residue in the case of complexes 3 and 4 whereas complexes 5 and 6 showed an increase in the intensity of the same band along with a bathochromic shift of 1 nm. This shows that complexes 5 and 6 affected tyrosine residues whereas complexes 3 and 4 did not affect the environment in the above said region. In addition, significant decrease of fluorescence intensity of tryptophan residues with a slight blue shift of emission wavelength was found after the addition of complexes 3-6. These results indicated that though the complexes 5 and 6 affected both the micro environments i.e., tyrosine and tryptophan residues, the effect was more towards tryptophan residues than tyrosine residue whereas complexes 3 and 4 affected only the tryptophan residue but not the other. The features of synchronous measurements 
4B
P. Krishnamoorthy, 2011 confirmed the conformational changes occurred in BSA upon interaction with the complexes. Similar behaviour regarding the interaction between the BSA and metal hydrazone complexes was reported earlier.
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Antioxidant studies
It is a well documented fact that hydrazones and their corresponding transition metal complexes displayed significant antioxidant activity [66] [67] [68] and therefore we undertook a systematic investigation on the antioxidant potential of free hydrazone ligands 1 and 2 and corresponding transition metal complexes 3, 4, 5 and 6 against DPPH, OH and NO radicals with respect to different concentration of the test compounds 
6B
P. Krishnamoorthy, 2011 varying from 10 to 50 μM (Fig. 6.17) and the results were shown in Table 6 .3. From the Table, it can be concluded that a very less or no scavenging activity was exhibited by the free ligands when compared to that of their corresponding metal hydrazone complexes which is due to the chelation of them with the metal ions. Among the structurally different copper and nickel complexes, the scavenging potential of nickel complexes are better than the respective copper hydrazone chelates that can be related to the ligand occupancy with that of the metal ions. However, among the copper and nickel hydrazone complexes, the one containing a pyridine ring (complex 4 and 6) in the hydrazide moiety showed higher antioxidant activity than the complexes 3 and 5 those did not have such a molecular composition. The overall scavenging activity of the tested compounds was found to increase in the order of 1 < 2 < 3 < 4 < 5 < 6. Further, the results obtained against the three different radicals confirmed that the complexes are more effective to arrest the formation of DPPH than the hydroxyl and nitric oxide radicals and are compared with that of the other copper and nickel complexes. 69 The lower IC 50 values observed in antioxidant assays did demonstrate that these complexes have strong potential to be applied as scavengers to eliminate the radicals. Further, it is significant to mention that the metal complexes synthesised herein possess superior antioxidant activity against the above said radicals than that of the standard antioxidant butylated hydroxyl anisole (BHA). 
In vitro cytotoxicity
Cytotoxicity is a common limitation in terms of the introduction of new compounds into the pharmaceutical industry. In general, heteronuclear organometallic P. Krishnamoorthy, 2011 complexes exhibit potential cytotoxicity with dose-response effects. In order to understand the in vitro cytotoxicity of the metal hydrazone complexes, experiments were carried out using a panel of cell lines namely HeLa, A314 (tumor cells) and NIH 3T3 
Non-linear optical measurements
The SHG signal obtained for hydrazone chelates i.e., complexes 3-6 are shown in 
